Electrochemical noise data is commonly used to monitor corrosion of metals in various environments. In this work we use recurrence plots to study electrochemical noise time series of stainless steel AISI 316 samples immersed in mildly corrosive electrolyte. It has been found that current and potential time series reveal different information. Recurrence quantification analysis of current time series provides detailed information on the corrosion processes. On the other hand, recurrence quantification analysis of the potential time series identifies the transitions from one state to another in the corrosion process.
Introduction
Electrochemical noise (ECN) refers to spontaneous current and potential fluctuations occurring on corroding metal immersed in electrolyte. ECN contains the information that bridges corrosion, as we perceive it, and the underlying system that we are able to measure. ECN carries the information describing the states of the corroding system, as was pointed out by Hladky and Dawson [1981] .
Since then various mathematical approaches like statistical and spectral analysis have been used to decode information hidden in ECN signals but unfortunately, without much success [Cottis (2001) ]. Even though performing analysis is easy, drawing unambiguous conclusions from the results has turned out to be difficult. Some of the more interesting approaches come from the side of the nonlinear dynamics [Horváth and Schiller (2003) , Sánchez-Amaya, Botana and Bethencourt (2004) ]. Also we must mention the use of wavelets in identifying the nature of electrochemical transients [Aballe, Bethencourt, Botana, et. al. (2001) ]. The present work is, the first that to our knowledge, uses recurrence quantification analysis (RQA) to study corrosion.
Experimental Procedure
Recording time series from corroding systems in laboratory environments is a wellestablished procedure. The best and most simple set-up to receive good quality data was to use ordinary three-electrode cell set-up familiar from cyclic polarization measurements, figure 1. The advantage of this set-up is that there is only one active electrode, namely the sample, in the system, while Ag/AgCl and platinum are passive. The set-up system was installed in an isolated laboratory and placed inside a Faraday cage to prevent possible external interferences. Stainless steel AISI 316 was the material selected for the experiment. The specimen used as working electrode was a cylinder sample with cross section area of 1.5938 cm2. This surface was ground with sandpaper p1200 and rinsed in deionised water prior to immersion into the electrolyte. The electrolyte was a solution of 300 ppm NaCl in deionised water. The conductivity of the electrolyte was 5 mS/cm. The test temperature was 21±1ºC.
The recorded data were the potential and current time series measured in absence of any external electrical stimulus, that is, in open circuit potential (OCP) conditions. Prior to each measurement the recording PC card was calibrated to ensure accuracy. Two time series, one of corrosion current (A, ampere) and another of potential (V vs. Ag/AgCl, volts) were obtained from each experiment. The sampling period was 1 second and each experiment lasted 18 hours.
Data analysis
Most of the nonlinear algorithms are only applicable to long stationary time series, being unreliable in their results if such conditions are not met. The fact is that outside of textbook long stationary time series are very seldom found, if at all. In corrosion field the recorded time series can be relatively long but full of small details and occurrences to be studied individually, in other words, not stationary. Since results coming from some nonlinear methods may lead to erroneous conclusions, extreme precautions on the matter must be taken. [Kanz and Schreiber (1997) , Marwan (2003) , Webber (2005)] In order to investigate the relationship between current and potential under OCP conditions their time evolution in their reconstructed phase space is analyzed. By means of Recurrence Quantification Analysis (RQA) it is mathematically possible to correctly approach the insight of short time series of nonlinear dynamical systems by a systematic graphical, statistical and analytical analysis. [Zbilut and Webber (1992) , Webber and Zbilut (1994) , Marwan et al. (2002) ].
Pit Analysis
A big, clear and long lasting pit was selected for illustrative analysis. This pit took place about 10 hours (36000 seconds) after the experiment was started. Figure 2 is a close-up that shows the 300 seconds that this corrosion phenomenon lasted.
Three phases can be observed from the current plot (figure 2 A). First, current values show a slow but obvious rise. This is the phase at which the pit is initiating, and the passive oxide layer on top of the metal collapses. After this, the current values are stabilized at high levels, which is when the pit progresses at steady rate. Finally there is a return of the high current values to those which correspond to uniform corrosion levels. This phase corresponds to the decay of the pit, as the oxide layer is reformed and metal repassivates. Curiously enough, potential time series does not exhibit all the phases that can be seen in the current data. In the potential data, the slow increase of the pit initiation cannot be seen, but potential jumps rapidly to the high values, following the corresponding change in the current values. The next step is to calculate the embedding parameters of the normalized current time series, which resulted to be an embedding dimension of 5 for a time lag equal to 4.
Recurrence Analysis of the current time series during pitting
From figure 3 A can be seen how the recurrence rate changes, and as this graph is compared with figure 3 B, four critical points in the life of the pit can be distinguished. The four high peaks in determinism (3B) correspond to the attempts of the pit to decay. These attempts fail three times, and finally on the fourth attempt, as the determinism reaches almost the value of one, the decay is successful. As well it is to be noted that the initiation or the progress of the pit do not give raise to the determinism, only the (attempted) decays do. In addition of the final decay of the pit, as well the third attempt gives a strong decline in rising of the current values.
To find out why some attempts to decay are more successful than others, the Shannon entropy (3C) is examined. When the Shannon entropy is high, at those precise times the complexity of the system at its maximum. The pit decay appears to be successful when, and only when, the Shannon entropy is high. At those instances, the entropy reach level that is high enough to dissipate the organized structure of the pit, thus causing the pit to decay.
Recurrence Analysis of the potential time series during pitting
Changing the focus of the study to the potential time series, the time lag obtained by the mutual information method is 4, but the false nearest neighbor method shows that there are not enough neighbors even for dimension 1. Therefore the approach of using visual observations from the recurrence plot to select the dimension is used. Maximum norm is used because of its independence from the embedding space, which will allow straight comparison of recurrence plots with different embedding parameters without rescaling [Marwan (2003) ]. Finally the embedding dimension selected was 5, which is the same value as for the current time series. Figure 4 shows the recurrence rate, determinism and the Shannon entropy plots extracted from the potential time series during the pit development. As can be seen, the potential time series do reveal somewhat different aspects of the same phenomenon as compared to the ones revealed by the current time series.
The parameters extracted from the potential time series appear to be more connected to the shifts in the states of the system. In the similar manner as heart rate variability data shows pronounced maxima in the trapping time before a life-threatening cardiac arrhythmia [Marwan and Meinke (2004) ], the potential time series shows clear maxima as the pitting shifts from initiation to progress, and from progress to decay. Actually, these are similar shifts from one chaotic state to another.
Conclusions
RQA is a new tool for the interpretation of electrochemical noise. We have shown that RQA can be used to recognize different phases of pit development from recorded current and potential time series. The phases recognized include pit initiation, steady progress and decay.
It was observed that current and potential time series carry different kinds of information from the pitting corrosion phenomena. From current data, detailed information on the development of the pit can be extracted, while potential data mainly carries the information on the transitions of the corroding system from one state to another.
Even though this research brings some light to the issue, more study should be carried out to clarify the relation between current and potential during corrosion processes and in particular under open circuit potential conditions.
